Leishmania spp. cause a broad spectrum of diseases collectively known as leishmaniasis. Leishmania braziliensis is the main etiological agent of American cutaneous leishmaniasis and mucocutaneous leishmaniasis. During experimental infection with L. braziliensis, BALB/c mice develop an adaptive immune response that is associated with lesion healing and, in parallel, parasite persistence within draining lymph nodes (dLNs). In the Leishmania major model of cutaneous leishmaniasis, regulatory T cells (Tregs) play an important role in immune regulation, preventing pathological immune responses but at the same time precluding sterile cure. In this study we investigated the role of Tregs during experimental infection with L. braziliensis. 
Introduction
The leishmaniases represent endemic infections that occur predominantly in tropical and subtropical regions. This group of diseases is characterized by symptoms that range from localized cutaneous lesions to mucocutaneous tissue destruction and the frequently fatal visceral form. Cutaneous leishmaniasis (CL) caused by Leishmania braziliensis is distinguished from other forms of leishmaniasis by its chronicity, latency and tendency to metastasize in the human host (Bittencourt and Barral-Netto, 1995) . In human CL caused by L. braziliensis, accumulation of CD4 + CD25 + T cells has been observed at the infection site, indicating a role for these cells in controlling the immune response (Campanelli et al., 2006) . Patients maintain L. braziliensis-specific immune responses after lesion healing (Ramirez and Guevara, 1997; Coutinho et al., 2002) . In parallel, Leishmania persistence in the vertebrate host is referred to as concomitant immunity, and in experimental Leishmania major infections this persistence was associated with regulatory CD4 + CD25 + T cells (Tregs) (Belkaid et al., 2002) .
Two main subsets of Tregs have been defined: naturally occurring CD4 + CD25
+ Tregs, which originate in the thymus during ontogeny, and inducible Tregs, which develop in the periphery from conventional CD4 + T cells (Belkaid et al., 2006b ). Naturally occurring CD4 + CD25 + Tregs were originally described as a population of CD4 + T cells that prevent the expansion of self-reactive lymphocytes and, therefore, autoimmune disease in mice (Sakaguchi et al., 1995) . This population can be defined by their constitutive expression of the IL-2 receptor a chain (CD25), the cytotoxic T lymphocyte antigen (CTLA4), the TNF receptor family member GITR (glucocorticoid-induced TNF-receptor-related protein), and the a chain of the aeb7 integrin (CD103) (reviewed in Belkaid, 2003) .
Expression of these markers, however, is not specific to Tregs. In contrast, the forkhead/winged helix transcription factor Foxp3 is thought to program the development and function of Tregs and is specifically expressed in natural Tregs in mice, as well as in CD25 À T cells with regulatory activity (Fontenot et al., 2003; Hori et al., 2003; Khattri et al., 2003) .
Treg-mediated suppression occurs through different mechanisms of action, both in vitro and in vivo. These include CTLA4 expression (Takahashi et al., 2000) , IL-2 consumption (Pandiyan et al., 2007) and IL-35 secretion (Collison et al., 2007) . Tregs have been shown to mediate suppression of effector T cells through direct contact in vitro (Piccirillo and Shevach, 2001 ) and through delivery of cAMP, a potent immunosuppressive compound (Bopp et al., 2007) . Furthermore, suppressive cytokines may also be directly responsible for the regulatory functions of Tregs. In this sense, neutralization of IL-10 or TGF-b abolishes Treg suppression in mouse models of inflammatory bowel disease, type 1 diabetes, transplantation and cancer (Tang and Bluestone, 2008) .
In CL, active disease is associated with a parasite-specific, cellmediated immune response in which CD4 + T cells are essential for macrophage activation through IFN-c production (Scott et al., 1989; Locksley et al., 1991) . In mice resistant to L. major (C57BL/ 6), parasite persistence is regulated by Tregs, which control Th1 responses by both IL-10-dependent and IL-10-independent mechanisms (Belkaid et al., 2002 (Xu et al., 2003) . In experimental Leishmania amazonensis infection, which does not lead to a polarized Th2 response, IL-10 producing CD4 + CD25
+ T cells suppressed proliferation of CD4 + CD25 À cells (Ji et al., 2005) and adoptive transfer of Tregs also reduced disease development significantly. On the other hand, mice chronically infected with L. major showed disease reactivation upon transfer of Tregs whereas depletion of CD25 + cells at the time of reinfection prevented this outcome (Mendez et al., 2004) . These data suggest an important equilibrium between Treg and effector lymphocytes in controlling both immunological recall responses and disease reactivation.
In the present work, we have evaluated the presence of Tregs during experimental L. braziliensis infection. BALB/c mice inoculated intradermally with L. braziliensis provide a good correlate of human CL as parasite expansion at the infection site is controlled by a cellular immune response that also mediates the development of an ulcer (de Moura et al., 2005) . Notably, in this model the localized dermal lesion heals spontaneously but parasites persist within the dLN, indicating the existence of regulatory or suppressive immune mechanisms. We characterized CD4 + CD25
+ cells present during the course of disease in terms of phenotype and function. We also investigated the outcome of an experimental reinfection in the context of an existing regulatory response.
Materials and methods

Mice and ethics statement
Female BALB/c mice were obtained from the Centro de Pesquisas Gonçalo Moniz/Fundação Oswaldo Cruz Animal Facility, Brazil. All mice were maintained under pathogen-free conditions and were employed in experiments at 6-8 weeks of age. Experiments were performed twice or three times with groups of five to six mice, using methods approved by the Animal Care and Utilization Committee from Centro de Pesquisas Gonçalo Moniz/Fundação Oswaldo Cruz (Approval ID: L-14/09). 
Parasite culture
Leishmania braziliensis (strain MHOM/BR/01/BA788) (de Moura et al., 2005) promastigotes were grown in Schneider medium (Sigma, USA) supplemented with 100 U/ml of penicillin, 100 mg/ml of streptomycin and 10% heat-inactivated FCS (all from Invitrogen, USA).
Intradermal inoculation, evaluation of parasite load and lesion measurement
BALB/c mice were infected with stationary-phase L. braziliensis promastigotes (10 5 parasites in 10 ll of saline), inoculated into the right ear dermis using a 27.5 gauge needle. At different times (2, 5 and 10 weeks) following L. braziliensis infection, mice were euthanized and parasite loads were determined using a quantitative limiting-dilution assay as described previously (de Moura et al., 2005) . Lesion development was monitored on a weekly basis using a digital caliper (Thomas Scientific USA) A group of healed BALB/c mice was reinfected in the opposite ear, 10 weeks after the initial parasite inoculation, at the time of lesion healing. A control group of healed mice was not reinfected and was maintained for the same time period. In parallel, another group of five naïve BALB/c mice was infected in order to monitor for parasite infectivity.
Phenotypic characterization of T cells by flow cytometry
Mice were infected with L. braziliensis promastigotes as described in Section 2.3. At different times following L. braziliensis infection, mice were euthanized and a single cell suspension of the dLN and the infected ear were prepared aseptically. Briefly, LNs were homogenized in RPMI Medium and cells were resuspended in RPMI supplemented with 2 mM L-glutamine, 100 U/ml of penicillin, 100 lg/ml of streptomycin, 10% FCS (all from Invitrogen), and 0.05 M 2-mercaptoethanol. The ventral and dorsal sheets of the infected ears were separated and incubated for 1 h at 37°C, 5% CO 2 in RPMI medium containing Liberase CI enzyme blend (50 lg/ml) (Roche, USA). Ears were processed using a Medimachine (Becton Dickinson, USA) and cell suspensions were washed by centrifugation. Cells were blocked with anti-Fc receptor antibody (2.4 G2) and stained with anti-mouse CD4-FITC (BD Pharmingen, USA) and CD25 Cy-Chrome (BD Pharmingen), and either Rphycoerythrin (PE) anti-GITR or PE anti-CD103 (all from BD Pharmingen). For intracellular staining of Foxp3, cells were permeabilized using Cytofix/Cytoperm (BD Biosciences, USA) and were incubated with PE anti-Foxp3 (Ebioscience, USA). Reinfected mice were probed for the presence of Foxp3 + cells and for cytokine-secreting CD4 + T cells, as described elsewhere (de Moura et al., 2005) . Briefly, cells were activated in the presence of anti-CD3 (10 lg/ml) and anti-CD28 (10 lg/ml) and were later incubated with Brefeldin A (Sigma) (10 lg/ml). Cells were permeabilized using Cytofix/Cytoperm (BD Biosciences) and were incubated with anti-cytokine antibodies conjugated to PE: IFN-c or IL-10 (BD Biosciences). The isotype controls used were rat IgG2b and rat IgG2a 9 (BD Biosciences). Data were collected and analyzed using a FACSort Ò flow cytometer and CELLQuest™ software (Becton Dickinson Immunocytometry System). The steady-state frequencies of cytokine positive cells were determined using LN cells from PBS-inoculated mice.
Purification of T cell subsets and in vitro stimulation
CD4
+ T cells were purified from the dLNs of infected mice by negative selection using magnetic beads (CD4 + CD25 + Regulatory T cell isolation kit, Miltenyi Biotech, Germany), following the manufacturer's instructions. Briefly, mice were infected with L. braziliensis promastigotes, then at 2 and 5 weeks p.i., mice were euthanized and single cell suspensions from the dLNs were obtained as described in Section 2.4. For the isolation of CD4 + T cells by negative selection, non-CD4 + T cells were indirectly magnetically labeled with a cocktail of biotin-conjugated antibodies and anti-biotin microbeads. Magnetic separation was performed using a MACS separation column. The resulting T cells were labeled with anti-CD25 PE and further purified using magnetically labeled anti-PE microbeads and a fresh MACS separation column to obtain CD4 + CD25 + T cells. Purities of the CD4 + CD25 + and CD4 + CD25 À T cell populations were determined by flow cytometry and were routinely above 90% and 95%, respectively. The two sub-populations were cultured in the presence of anti-CD3 (10 lg/ml) and anti-CD28 (10 lg/ml) for 4 days in 96-well, round bottomed plates. One lCi of [3H] Thymidine was added 18 h before harvest and incorporated radioactivity was determined on a beta emission reader.
Statistical analysis
The data are presented as the mean ± S.E. of the mean. The significance of the results was calculated using non-parametrical statistical tests: Mann-Whitney (a non-parametric test that compares the distributions of two unmatched groups), for comparisons between two groups, or Kruskal-Wallis, followed by Dunn's multiple comparison test, for comparisons between three groups. Analyses were conducted using Prism (GraphPad software) and P < 0.05 was considered significant.
Results
Leishmania braziliensis infection and expansion of CD4
Following inoculation of L. braziliensis into the ear dermis of BALB/c mice, parasite multiplication increased steadily from weeks 2 to 5 (Fig. 1A) and then decreased by week 10. These results paralleled the changes in ear thickness, which represented lesion development and healing (Fig. 1B) as reported previously (de Moura et al., 2005) . In the dLN from the infection site, parasite load increased significantly from weeks 2-5, paralleling lesion development, and remained high after healing (Fig. 1C) . Interestingly, the dLN also displayed a significant increase in total cellularity following infection with L. braziliensis (Fig. 1D) .
Characterization of Tregs following L. braziliensis inoculation
Initially, the dynamics of CD4 + CD25
+ T cell presence following L.
braziliensis infection was determined by flow cytometry (Supplementary Fig. S1 ). At both the ear dermis ( Fig. 2A ) and in the dLN (Fig. 2B) (Fig. 3A) , CD103 (Fig. 3B) or Foxp3 (Fig. 3C ) were detected at all time points evaluated. Notably, the percentage of CD4 + CD25 + cells expressing either GITR + (Fig. 3A) , CD103 + (Fig. 3B ) or Foxp3 + (Fig. 3C) was significantly higher at 10 weeks p.i. compared with baseline levels (time 0). At 10 weeks, lesion healing was observed and ear thickness had returned to baseline ( Fig. 1B) . In the dLN, the overall percentage of CD4 + CD25 + T cells expressing the surface markers analyzed was $fivefold lower ( Fig. 3D and E) , compared with the frequency found in the ear dermis ( Fig. 3A-C) . Moreover, the frequency of CD4 + CD25 + Foxp3 + T cells at 10 weeks p.i. was also significantly higher ( Fig. 3F ) compared with baseline levels (time 0), as seen in the ear (Fig. 3C) . Therefore, at 10 weeks, Foxp3 + cell accumulation at the infection site (ear) paralleled controls in parasite multiplication (Fig. 1A ) and lesion healing (Fig. 1B) . In the dLN, Foxp3 + cell accumulation at 10 weeks p.i. reflected parasite maintenance (Fig. 1C) + T cell subset isolated following L. braziliensis infection had a regulatory phenotype.
Lack of disease reactivation following reinfection of healed mice
The preceding experiments had demonstrated the presence of a regulatory immune response in BALB/c mice infected with L. braziliensis. Therefore, we next investigated the outcome of a reinfection with L. braziliensis, after lesion healing (Fig. 5) . Ten weeks after the initial infection, a group of healed mice was reinfected with L. braziliensis in the contralateral ear and lesion development was monitored for another 10 weeks (healed + reinfected mice) (Fig. 5A ). Another group of healed mice remained uninfected and acted as controls (healed mice) (Fig. 5A) . A third group of naïve mice was inoculated with the same parasite preparation, to monitor for parasite virulence and was also evaluated over the same time period (naive mice) (Fig. 5A) . As anticipated, a lesion developed at the ear dermis at 5 weeks p.i. and healed at 10 weeks (Fig. 5B) . When healed mice were re-infected at a secondary site, we did not observe any increase in ear thickness at the primary site throughout the following observation period (Fig. 5B, shaded area) . Moreover, no development of a new lesion nor an increase in ear thickness at the secondary site, where re-infection occurred was observed (Fig. 5C) , suggesting the existence of protective immunity against a new parasite challenge. Interestingly, 5 weeks after reinfection (15 weeks after the initial infection) parasites were not detected at the secondary infection site (contralateral ear), in the group of healed + reinfected mice (data not shown). Control naïve mice, on the other hand, each developed a lesion that peaked at 5 weeks p.i. and was cured by 10 weeks p.i. (Fig. 5D) .
Five weeks after reinfection (equivalent to 15 weeks after the initial infection), the presence of Tregs (CD4 + CD25 + Foxp3 + ) in both groups of mice was analyzed: healed and healed + reinfected. This time point was chosen based on the natural course of infection with L. braziliensis, when parasite multiplication at the infection site is maximal as is lesion size (Fig. 1A and B) . In these experiments, the primary infection site was evaluated, comparing healed mice and healed + re-infected mice. In the ear (primary site), the percentage ofCD4 + CD25 + Foxp3 + T cells was significantly higher in healed mice compared the healed + reinfected group (Fig. 6A ). In the corresponding dLN no significant differences between either group of mice was observed (Fig. 6B ). Of note, in the group of healed mice, the percentage of CD4
at 10 weeks (Fig. 3C) in the ear was similar to the percentage obtained at 15 weeks (Fig. 6A) , suggesting maintenance of a constant population of Treg cells at the healed site. We next focused on the group of healed + reinfected mice, comparing differences at the primary versus the secondary site of parasite inoculation (Fig. 7) . In this group, no lesion reactivation was detected (primary site) (Fig. 5B ) nor development of a new lesion at the contralateral ear (secondary site) (Fig. 5C ). In fact, tissue sections obtained 5 weeks after the secondary parasite inoculation showed normal morphology for both the primary (Fig. 7A ) and secondary sites of parasite inoculation (Fig. 7B) . As stated above, parasites were not detected at the secondary site of parasite inoculation at this time point (data not shown). In terms of Treg distribution, a significantly higher percentage of CD4 + CD25 + Foxp3 + T cells was found at the primary infection site compared with the secondary infection site (Fig. 7C) . Indeed, this outcome was similar to that observed when the primary site of the two groups of mice was compared: healed versus healed + reinfected (Fig. 6A) .
Parasite load and cytokine production in dLN of healed + reinfected mice
The healed + reinfected mouse group showed immunity against the development of a new lesion (Figs. 5B and 7B) and parasites were not detected in the contralateral ear (secondary site) (data not shown). As somewhat expected, the parasite load in this group was significantly higher in the LN draining the primary site compared with the LN draining the secondary infection site (Fig. 8A) . Nonetheless, the presence of parasites at the LN draining the secondary site indicates that reinfection occurred. On the other hand, this significant difference in parasite load was not accompanied by the presence of Tregs, as CD4 + CD25 + Foxp3 + T cells were equally detected within the LNs draining the primary and the secondary sites (Fig. 8B ), as were CD4 + IL-10 + cells (Fig. 8C) . However, the LN draining the primary site showed a significantly higher percentage of CD4 + IFN-c + cells (Fig. 8D) . Therefore, the healed + reinfected group continued to harbor a higher parasite load at the LN draining the primary site, accompanied by a higher frequency of CD4 + IFN-c + cells. Importantly, these mice were immune to a secondary infection.
Discussion
Natural Tregs were first described in the context of limiting immune-mediated pathology (reviewed in Sakaguchi, 2004) . For example, Tregs control self-reactive T cells in mouse models of colitis, minimizing tissue damage (Powrie et al., 2003) . During microbial infections, Tregs can monitor the host's sustained immune response and prevent detrimental effects. In this context Tregs have been shown to limit immunopathology in models of Schistosoma (Hesse et al., 2004) , Helicobacter hepaticus (Kullberg et al., 2002) , and Pneumocystis carinii (Hori et al., 2002) infections. However, an important consequence of the regulatory role played by Tregs is pathogen survival, which is favored by the control of the effector immune response. Therefore, in this study we examined whether Tregs are present during a model L. braziliensis infection in which parasite persistence is observed. Moreover, we also investigated whether the regulatory response favors disease reactivation upon reinfection.
Initially, our earlier finding that following clinical resolution of an initial L. braziliensis infection, parasites are not found at the infection site but are maintained within the dLN was confirmed (de Moura et al., 2005) . Of note, an expansion in LN cellularity was associated with effective control of L. major infection in resistant B6 mice (Hsu and Scott, 2007) . In parallel, CD4 + CD25 + T cells, which represent 5-10% of the CD4 + T cell population in general, were detected at the infection site and in the dLN. These cells displayed a typical Treg phenotype as based on the expression of GITR, CD103 and Foxp3. Importantly, Tregs in dLNs failed to proliferate in vitro and suppressed proliferation of CD4 + CD25 + T cells. At the time of lesion healing, the frequency of Tregs at the ear (primary infection site) was higher compared with baseline levels, suggesting their role is in local regulation of the inflammatory immune response, possibly leading to cure. This finding could be attributed to the higher expression of CD103 found at the inoculation site, as CD103 has been shown to favor Treg retention (Suffia braziliensis promastigotes and lesions healed at 10 weeks (healed mice). Another group of healed mice was reinfected in the contralateral ear with live parasites (healed + reinfected). In parallel, a group of naïve mice was also infected. The ear thickness of the primary site (B) and of the secondary site (C) of healed + reinfected mice was measured weekly. (D) Measurement of ear thickness of naïve mice. The data shown (mean ± S.E.M.) and P values are from a single experiment, performed with six mice, representative of two independent experiments that provided similar results. Lb, Leishmania braziliensis; dLN, draining lymph node. , 2006) . Tregs were also detected in the skin of patients with cutaneous leishmaniasis (Campanelli et al., 2006) , indicating that the present experimental setting recapitulates the regulatory response observed during natural infection. Our findings are also in agreement with prior reports showing that L. braziliensis parasites are eliminated from the infection site but persist in the dLN (Rocha et al., 2007; Costa et al., 2011) , as do Leishmania chagasi parasites (Rodrigues et al., 2009 (Suffia et al., 2006) . IL-10 is a cytokine known to down-modulate inflammatory reactions, and the absence of IL-10 can result in efficient clearing of pathogenic infections including Leishmania (Murray and Nathan, 1999; Belkaid et al., 2001; Kane and Mosser, 2001) . A recent report showed that inoculation of killed Leishmania parasites lead to loss of immunity (Okwor and Uzonna, 2009) 
Foxp3
À cells were found in both experimental (Stager et al., 2006; Rodrigues et al., 2009) and in human (Nylen et al., 2007) 
visceral leishmaniasis. Of note, CD25
À Foxp3 À cells were also shown to expand in the context of a highly polarized Th1 response, such as that observed in a non-healing model of CL (Anderson et al., 2007) and following Toxoplasma gondii infection (Jankovic et al., 2007) . In these particular settings, such cells also produce IFN-c, therefore limiting pathology and, in parallel, promoting immunity. Moreover, we cannot exclude that other suppressive mechanisms could also be associated with parasite persistence. For example, local IDO (indoleamine 2,3 dioxygenase) production in the dLN may inhibit the inflammatory response (Makala et al., 2011) . In this sense, during infection with Leishmania guyanensis intralesional IDO and Foxp3 expression has been documented, suggesting a role for IDO in suppression exerted by Tregs (Bourreau et al., 2009) . We cannot exclude that in dLNs mechanisms other than those exerted by Tregs may also contribute to maintenance of the parasite load. Further, it has been shown that Leishmania can be harbored within cells that cannot exert antimicrobial activity, such as fibroblasts (Moll et al., 1995; Bogdan et al., 2000) .
In L. major experimental infection, Tregs were essential for the maintenance of cutaneous infection (Belkaid et al., 2002) and were found to be specific for microbial antigens (Belkaid et al., 2006a) . Moreover, rechallenge of chronically infected mice led to reactivation of disease at the primary infection site and this reactivation was associated with the presence of Tregs (Mendez et al., 2004) . The association between disease reactivation and Tregs was also found in aged hosts, where Tregs suppressed IFN-c production by effector cells (Lages et al., 2008) . Herein, following reinfection with L. braziliensis, we did not observe development of new lesions or parasite multiplication at the secondary site, although parasites were detected at the corresponding dLN. Interestingly, following reinfection with L. braziliensis, lesion reactivation at the primary infection site was also not observed. Therefore, in the healed + reinfected mouse group, a higher percentage of Tregs at the primary infection site does not promote lesion reactivation nor does it preclude an efficient recall response to L. braziliensis at a distal site. In parallel, we can suggest that infection parasite multiplication and/or lesion development did not occur at the site of reinfection, due to immunity. In this sense, mice infected intradermally with L. major plus CpG ODN do not develop dermal lesions and show an early containment of parasite growth when later challenged with live parasites (Belkaid et al., 2002) . This effect was associated with IFN-c + producing T cells that rapidly infiltrate the secondary site, leading to clearance of viable parasites after rechallenge (Tabbara et al., 2005) . This robust effector response has been recently examined in the context of vaccination (Peters et al., 2009) . Indeed, herein CD4 + IFN-c + T cells were detected in the LNs draining the primary and secondary sites of L. braziliensis infection, suggesting their prompt participation in response to parasite multiplication. Alternatively, parasite control may result from the presence of a T CM cell population that can recirculate through the dLN and differentiate into Th1 effector cells, as described for L. major infection (Colpitts and Scott, 2010) . Collectively, our data show that experimental infection with L. braziliensis is associated with the presence of Tregs characterized by GITR, CD103 and Foxp3 expression. These cells exert suppressive functions in vitro and are retained within the site of infection, especially in the ear. Tregs were also detected in dLNs where they may act to limit immune-mediated pathology, as this is also the site of parasite persistence. Following a rechallenge, cured mice display full resistance, indicating that the presence of Tregs does not prevent effector recall responses associated with immunity.
